This paper presents a unique method for simulating permanent magnet motors without time-consuming numerical methods used in the conventional magnetic circuit method. The conventional method gives us average values like torque and power over specified periods of time, but it is usually very difficult and time-consuming to obtain instantaneous characteristics like cogging torques and torque ripples.
Introduction
Since permanent magnets were adopted in motors, much research has employed analysis methods of motors. The methods can generally be divided into two categories: ․ The first one is the so-called "lumped-sum parameter method" in which the magnetic system is considered as a circuit and average magnetic flux values per pole are calculated for obtaining the average torque or power. This method is very convenient and simple to calculate but not easy to get instantaneous torque or back-emf values.
․ The other method involves distributed parameter methods like the finite element method (FEM). This method is suitable for
analyzing instantaneous values and it is able to consider the magnetic saturation effect of the iron steel core. The analysis of motors using this method is getting popular, but the method takes significantly more times than the lumped-sum parameter method and it needs For improving these methods, some researchers have studied several new methods like the Electro-Magnetic Circuit Network method, but each takes considerable time to obtain results for the same problems [3] .
Method Description

Analysis model: HDD Spindle motor
The authors propose a novel method for analyzing permanent magnet motors using divided magnetic circuits and a convolution method. This new method can calculate permanent magnet motor characteristics like cogging torque and back-emf values which were considered very difficult characteristics to obtain without using some special methods or techniques. This new method is very powerful because it is able to finish its analysis in less time than the FEM which is laborious and time-consuming A pole-pair structural period of motor rotor is divided into several parallel magnetic circuits. The stator magnetic circuits of one tooth periodincluding various air-gap permeances -are also composed as parallel circuits. The convolution calculation of these two groups of parallel circuit values can give the motor characteristics of cogging torques or back-emf values. 
Proposed method
Fig . 3 shows the stator and rotor magnetic circuits of the spindle motor and the concept of the convolution method. Because the magnet is not segmented, there are dead-zones between magnet poles and these dead-zones must be considered when analyzing the motor characteristics.
While the rotor is rotating, the only item that is varying in the magnetic circuits is the airgap permeance. If the discretized magnetic circuit is made like fig. 3 , the reason for the variance of the magnetic circuit permeances is the variance of the airgap length according to the rotation angle. The strongest point in favor of this method is that when the design parameters are changed, the new design factors can be obtained very easily. For example, the cogging torque profile changes can be determined instantaneously when the slot open width (length between a tooth and neighbor tooth) is changed from 1[mm] to 1.5 [mm] . Changes in the magnetization profile and tooth shapes can also be considered by this method instantaneously.
Torque & Back-EMF Calculation
The following are equations for calculating the airgap energy.
The torque values are easily calculated by the derivation of energy to angle. 
In equation (1) and (2), n is the discrete number of the magnetic circuits in a pole pair region.
One of the more difficult aspects of calculating airgap permeances is that actual airgap lengths vary according to the angle (θr) between a magnetic circuit and the center of a stator tooth. They vary in order to reduce the cogging torque and back-emf ripples in the HDD spindle motors. In this paper, the actual airgap length of each magnetic circuit is derived like equation (3) . This airgap length is calculated by a geometrical process deriving the relative length between RR and Rs according to the angle θr. The parameters used in equation ( 
Comparison of Analysis Results
with FEM
The general method to verify a new method is manufacturing the motor and measuring the cogging torque values and back-emf values and comparing them together. The objective of our proposed method, however, is to present a faster way of calculating instantaneous characteristics of the motor than the FEM. Thus, in this study, a comparison of the proposed method and the FEM is performed.
The cogging torque and the back-emf values of each phase of the motor calculated by the proposed method is compared with the values shown by the FEM analysis. The simulation tool is the Maxwell EM of Ansoft.
Specifications of the HDD BLDC spindle motor are shown in Table 1 . There are several factors for determining the cogging torque magnitude of a motor. It is not easy to determine the main effect of the cogging torque of a motor. In these types of HDD spindle motors, the magnitude of the cogging torque of the motor is more likely affected by the slot open width than the ratio of Rs and RR. The cogging torque profiles of the proposed method and the FEM are compared in fig. 7 . The curve of the proposed method is little higher than the FEM curve, but the shape of the cogging torque profile and the magnitude level are sufficiently matched.
One possible reason for this discrepancy is the magnetic saturation of the rotor back-yoke. Generally, the back-yokes are thin due to a reduced rotor inertia. Thus, the back-yokes are always magnetically saturated. However, the magnetic saturation of back-yoke is not considered in the proposed method. Also, the maximum points of the cogging torque profiles are slightly different since the saturated magnetic flux path is not the same as the un-saturated path, but the discrepancy is small. It is very important for engineers to reduce the calculation time for analyzing motor characteristics because, in the initial design process, so many types of motor models need to be calculated to figure out the optimal model for the motor desired. The calculation time of the proposed method is considerably faster than the time required for the FEM analysis. Fig. 8 shows the comparison of the calculation times of two methods.
The FEM analysis with Intel Core2 Duo 3GHz CPU requires about four minutes but the proposed method can complete calculations in one or less second.
The magnitudes and the shape of the back-emf of each phase are very important characteristics of motors. Fig. 9 shows the back-emf curves calculated by the FEM and fig. 10 shows the curves by the proposed method. In this paper, a new method for analyzing instantaneous characteristics of BLDC motors with simple convolution sums of magnet mmfs and airgap permeances is compared with the FEM calculation method. The new method gave reliable results immediately. This paper is particularly useful to engineers who want to know motor characteristics quickly and to know how the characteristics vary according to the geometrical changes of the motor cores.
